Background Maintaining robust perfusion is an important physiologic parameter in wound healing. The effect of different closure techniques on wound perfusion after total knee arthroplasty (TKA) has not been established previously and may have implications for wound healing. Questions/purposes We asked whether a running subcuticular, vertical mattress, or skin staple closure technique enables the most robust wound perfusion after TKA as measured by laser-assisted indocyanine green angiography (LA-ICGA) in patients without specific risk factors for wound healing complications. Methods Forty-five patients undergoing primary TKA without comorbidities known to impact wound healing and perfusion were prospectively randomized to receive superficial skin closure with one of the following techniques:
higher values indicating greater blood flow. Mean perfusion impairment was determined by calculating the difference between the nine pairs of surrounding skin and the nine points along the incision with smaller values indicating less perfusion impairment. These parameters were compared with analysis of variance (ANOVA) and subsequent pairwise comparisons with an unadjusted analysis as well as a multivariate analysis that adjusted for age, sex, and body mass index. Patients were followed for a mean of 7 months after surgery (range, 3-12 months) for possible incision-related complications. No patents were lost to followup. Results Running subcuticular closure demonstrated the best overall perfusion. Mean incision perfusion in fluorescent units with SD was as follows: running subcuticular, 64 (16) ; vertical mattress, 32 (18) ; and staples, 19 (7) (ANOVA p \ 0.001). The running subcuticular closure demonstrated the least impairment of perfusion among the closures compared. Mean perfusion impairment was as follows: running subcuticular, 21 (12) ; vertical mattress, 37 (24); and staples, 69 (27) (ANOVA p \ 0.001). All Tukeyadjusted pairwise comparisons from both metrics likewise favored the subcuticular closure (p \ 0.001) both before and after adjusting for age, sex, and body mass index. One patient in the vertical mattress cohort experienced a surgical site infection; no other wound-related complications were observed in this study. Conclusions The method of closure can influence skin and soft tissue perfusion after TKA. Running subcuticular closure enables the most physiologic robust blood flow, which may improve wound healing. However, the clinical importance of these findings remains uncertain, because patients in this study were selected because they lacked risk factors for wound healing complications. Studies with this modality in specific patient populations at higher risk for wound complications will be necessary to quantify the clinical advantage of using running subcuticular closure. Level of Evidence Level I, therapeutic study.
Introduction
Multiple studies have compared different closure techniques in TKA [2, 3, 6, [15] [16] [17] [18] . The majority of these studies have involved running subcuticular closure versus staple closure and focused on factors such as cost, performance time, patient satisfaction, and wound complications. Results have varied based on the characteristics studied and to date there is no consensus on a superior wound closure technique for TKA. The number of TKAs performed each year is on the rise, and a greater percentage of these patients have comorbidities that can impair wound healing such as diabetes, a history of smoking, previous surgery about the knee, chronic infection, peripheral arterial disease, and anticoagulant or corticosteroid use [7] [8] [9] 14] . These comorbidities in conjunction with relatively thin skin anterior to the knee makes wound complications an issue of growing concern [19, 20] .
Maintaining robust perfusion at the incision site is one of the most important physiologic parameters in wound healing [1, 5, 14] . Therefore, the closure technique should theoretically have an impact on prevention of wound complications through differential promotion of perfusion. To date, no study has adequately determined which closure technique enables the most robust perfusion in TKA. One investigation attempted to describe differences in blood content and wound oxygenation between staple and running subcuticular closure in TKA with the use of tissue spectrophotography [3] . This technology has limitations because it only obtains a static view of blood in soft tissue and is influenced more by blood pooling than perfusion status.
Laser-assisted indocyanine green angiography (LA-ICGA) is a technology that has been used in a variety of specialties but most prominently in plastic surgery over the past decade [4, 10, 11, 13, 22] . Through the intravenous administration of the plasma protein-bound indocyanine green (ICG) dye, an external camera can detect the specific frequency of the dye and thus track perfusion to skin and soft tissues in real time. The dynamic view of blood flow made possible by this technology has recently been shown to improve management of wound closure in complex knee reconstruction [21] . This device is also capable of quantifying perfusion, which provides an opportunity for a novel approach to define which closure technique affords the most robust perfusion in TKA.
We therefore asked whether a running subcuticular, vertical mattress, or skin staple closure technique enables the most robust wound perfusion after TKA as measured by LA-ICGA in patients without specific risk factors for wound healing complications.
Patients and Methods
This prospective, randomized clinical trial was initiated in August 2013 after obtaining institutional review board approval and registering the study with www.clinicaltrials. gov (NCT01924403). Recruitment and patient evaluation took place at one center among three surgeons (RTT, RJS, FHS) from August 2013 to May 2014 with a minimum clinical followup of 3 months (mean, 7 months; range 3-12 months).
Patients presenting for a presurgical TKA consultation were approached by a study coordinator for potential enrollment the day before their procedure. They were informed that participation would entail randomization of their wound closure to a running subcuticular, vertical mattress, or staple technique with subsequent intraoperative LA-ICGA imaging. Inclusion criteria were patients aged C 18 years undergoing primary TKA. Exclusion criteria were previous surgery about the knee and therefore a previous incision, a history of smoking within 1 year, diabetes mellitus (Type I and II), peripheral arterial disease, long-term corticosteroid use (C 1 month; intranasal and inhaled excluded), long-term anticoagulation use (C 1 month; low-dose aspirin excluded), infection (HIV, syphilis, hepatitis), and iodine allergy (contraindication to LA-ICGA). With the exception of iodine allergy, all exclusion criteria were chosen with the intent of removing factors that could impede blood flow and wound healing and therefore confound results. These criteria allowed for stringent experimental isolation of closure type as the primary variable impacting wound perfusion. It was decided a priori to enroll 45 eligible patients with an equal number randomly allocated to each treatment arm for a total of 15 patients per intervention. A power analysis was not performed before the initiation of this study as a result of lack of available data to effectively estimate sample size. Therefore, the sample size was determined based on feasibility of enrollment and budgetary constraints and with the understanding that this would serve as an initial investigation to help determine effect size for future studies.
A strategy of random allocation permuted-block randomization was used to ensure that 1:1:1 allocation (15 patients per treatment arm) was achieved for the desired enrollment of 45 patients and for treatment arm allocation among the three participating surgeons. Twenty procedures were performed by RTT, 15 by RJS, and 10 by FHS. Fifteen minutes before the initiation of wound closure, a concealed envelope was opened by the study coordinator and the closure type was called into the operating room. However, it was not possible for either the patient or the surgeon to remain blinded after the operation as a result of the obvious visible differences of each closure method. Quantitative imaging of wound perfusion was performed immediately after closure in the operating room.
All surgeons used an anterior skin incision over the medial third of the patella in combination with a median parapatellar arthrotomy. The length of these incisions was determined based on patient size and extended as necessary to provide adequate access for the procedure. Each closure was performed identically to the extent possible in three layers as follows. All patients received closure of the arthrotomy and deep fascia with 0-Vicryl (Ethicon, Cincinnati, OH, USA) applied in a simple interrupted fashion. Furthermore, each patient received closure of the subcutaneous layer with 2-0 Monocryl (Ethicon) also applied in a simple interrupted fashion. The superficial skin wound closure differed based on treatment assignment. One group received 3-0 Monocryl (Ethicon) applied with a running subcuticular technique. The second group received superficial closure with 2-0 nylon suture (Ethicon) applied with a vertical mattress technique. The final group received superficial closure with PROX-IMATE fixed-head skin staples (Ethicon).
Postoperative care protocols and instructions were identical for all patients per institutional norms regardless of closure type. The 2-0 nylon sutures or staples were removed at approximately the 2-week clinical followup appointment as indicated. The incision site was checked for any complications at all followup appointments through a minimum of 3 months after surgery. Patients were also encouraged to contact the surgical team if they had any concerns about their wound or general rehabilitation course per institutional protocol.
LA-ICGA Imaging System
The SPY Elite 1 fluorescent imaging system (Lifecell Corporation, Branchburg, NJ, USA) used in this clinical trial to assess perfusion of soft tissues in the orthopaedic setting has been previously described [21] . Briefly, the LA-ICGA system uses an imaging head with a charge-coupled device camera and a laser light source, functioning at a 40 mW/cm 2 power density ( Fig. 1 ) [21] .
The LA-ICGA camera recognizes a peak waveform in the range from 800 to 810 nm, thus excluding nonspecific signal. Indeed, ICG emits this exact frequency in blood after intravenous administration. To obtain accurate measurements, all dressings are removed from the skin before imaging and the camera is sterilely draped. The anesthesiologist pushes a 5-cc bolus of dye followed by a 10-cc saline flush. After this step, Fig. 1 This photograph displays the LA-ICGA system used in this investigation to quantitatively measure wound perfusion in real time. With kind permission from Springer Science + Business Media: [21] Volume 474, Number 1, January 2016
Perfusion Differs by Closure Technique in TKA 49 the operating room lights must be immediately shut off to reduce background signal to the camera [12] . ICG takes approximately 15 seconds to reach the knee after infusion in the antecubital fossa. On perfusion initiation, a scaled black and white real-time 120-second video is produced with darker areas representing lower perfusion and brighter zones indicating higher perfusion [21] .
Incision Fluorescence Measurement
Typically, the intensity of fluorescence rapidly increases for approximately 15 to 20 seconds during the arterial phase of perfusion and then slowly decreases over the course of an additional 20 to 30 seconds to a plateau where the arterial and venous phases of perfusion have reached equilibrium. This fluorescence plateau is maintained for approximately 45 seconds until the signal begins to slowly fade secondary to decay of the ICG. The LA-ICGA fluorescence software graphs this waveform to facilitate identification of views at specific time points. In recognition of this waveform, data were collected at two time points. The first was at the point of maximum fluorescence during the arterial phase (normally between 15 and 20 seconds into recording), which we defined as ''peak perfusion.'' The second set of data points was always collected 70 seconds into the video recording. Discussions with Lifecell representatives and a plastic surgeon at our institution with extensive experience with the LA-ICGA system (SRJ) affirmed that the 70-second time point has the highest probability of capturing the plateau phase of fluorescence where the arterial and venous phases of perfusion are in equilibrium (data not shown). We defined this point as ''baseline perfusion'' and at 70 seconds into the video recording, all 45 of our cases were in the plateau phase. Baseline perfusion was our primary outcome measure and peak perfusion was our secondary outcome measure. The LA-ICGA system used in this investigation is capable of quantifying the brightness of up to 27 points simultaneously on a scale from 0 to 255 fluorescent units [12] . At peak perfusion, nine points were collected along the incision, each 1 cm apart. In addition, nine pairs of points were collected 1 cm medial and lateral to the nine points along the incision for a total of 27 points. These same 27 points were collected at baseline perfusion (Fig. 2) . The fluorescence data points were always collected by the lead study coordinator (CCW) and confirmed for accuracy by another study team member (MTH).
Outcome Measures
For both baseline perfusion and peak perfusion, two coprimary metrics were quantified. The first outcome was the mean incision perfusion, defined as the mean of the nine fluorescent points along the incision. This metric is aimed at quantifying absolute perfusion to the incision; thus, higher values indicate more robust perfusion. The second outcome was the mean perfusion impairment, defined as the difference between the average of the nine medial and lateral pairs of surrounding skin and the nine points along the incision. This metric is aimed at quantifying perfusion to the incision relative to undisturbed surrounding skin, thus controlling for global differences in perfusion to the knee between patients. For mean perfusion impairment, smaller values indicate less perfusion impairment and thus more robust blood flow secondary to the wound closure. Pairwise comparisons were made for mean incision perfusion at both baseline perfusion and peak perfusion. The metric reported is the difference in mean incision perfusion with 95% confidence intervals (CIs) and p values. Pairwise comparisons were also made for mean perfusion impairment at both baseline perfusion and peak perfusion. The metric reported is the difference in mean perfusion impairment with 95% CI and p values.
The analysis focused on comparing the three wound closure techniques (running subcuticular, vertical mattress, and staple, as noted previously) with respect to the coprimary outcomes (mean incision perfusion and mean perfusion impairment at baseline perfusion, as described previously); separate analyses were performed for mean incision perfusion and mean perfusion impairment. This analytic strategy was also carried out for the cosecondary outcomes of mean incision perfusion and mean perfusion impairment at peak perfusion. The analysis was conducted using one-way analysis of variance (ANOVA) with either mean incision perfusion or mean perfusion impairment as the dependent variable and closure technique (three levels) as the independent variable. When the global F-test from the ANOVA was statistically significant, further analysis was undertaken by performing pairwise comparisons among the three wound closure techniques using the Tukey method for multiple comparisons to control the overall Type I error rate. For both the ANOVA tests and Tukeyadjusted pairwise comparisons, a p value \ 0.05 was considered significant. Additional multivariate regression models were generated that included age, sex, and body mass index (BMI) as adjusting covariates. All analyses were conducted using SAS Version 9.2 (SAS Institute, Inc, Cary, NC, USA) and R Version 3.0.1 (R Development Core Team, Boston, MA, USA; 2011).
Demographics and Description of Study Population
The baseline demographic characteristics of age, gender, and BMI were well balanced among the three treatment arms, supporting the effectiveness of the randomization process ( Table 1) . None of the patients had any of the wound healing comorbidities outlined in the exclusion criteria; however, 17 of the 45 patients had a remote history of smoking ([ 1 year before surgery) ( Table 1 ). Only one patient experienced a wound complication, which was a superficial site infection (SSI) from the vertical mattress cohort ( Table 1) .
Eighty-five patients presenting for primary TKA between August 2013 and May 2014 were prescreened for eligibility by chart review of the medical record. Fifty-five of these patients met all eligibility criteria and were approached for potential consent. Nine patients refused to participate leaving 46 patients who were enrolled. One patient was excluded on the day of surgery because of a metal allergy precluding them from receiving staples should they have been randomized to that closure.
Patients were followed clinically for the development of any wound complications as part of routine care. Minimum followup was 3 months after surgery and mean followup was 7 months (range, 3-12 months). There was no loss to followup in this study.
Results
Running subcuticular closure afforded the most robust baseline perfusion, vertical mattress closure was intermediate, and staple closure yielded the poorest blood flow ( Table 2) . The ANOVA global test for significance and all Tukey-adjusted pairwise comparisons supported these relationships with and without multivariate adjustment for age, sex, and BMI (p \ 0.001; Table 2 ). For mean incision perfusion, larger values indicate greater blood flow to the Fig. 2A -L This compilation demonstrates the images obtained by the LA-ICGA system at peak perfusion and baseline perfusion in three study patients. Lighter areas are receiving more blood flow than darker zones, thus qualitatively demonstrating that running subcuticular enables the greatest perfusion, vertical mattress is intermediate, and staples provide the poorest outcome. Also shown are the 27 points that were quantified with nine points along the incision and nine pairs that were 1 cm medial and lateral to the incision. incision. Baseline mean incision perfusion in fluorescent units with SD was as follows: running subcuticular, 64 (16) ; vertical mattress, 32 (18) ; and staple, 19 (7) . For mean perfusion impairment, smaller values indicate greater blood flow to the incision. Baseline mean perfusion impairment in fluorescent units with SD was as follows: running subcuticular, 21 (12) ; vertical mattress, 37 (24); and staple, 69 (27) ( Table 2) .
Peak perfusion measurements likewise demonstrated running subcuticular closure afforded the most robust perfusion, vertical mattress closure was intermediate, and staple closure yielded the poorest blood flow ( Table 3) . The ANOVA global test for significance and all Tukeyadjusted pairwise comparisons supported these relationships with and without multivariate adjustment for age, gender, and BMI (p \ 0.001; Table 3 ). Peak mean incision Table 3 ). Peak mean perfusion impairment in fluorescent units with SD was as follows: running subcuticular, 80 (29); vertical mattress, 83 (37); and staple, 123 (38) ( Table 3 ). The consistency of incision perfusion differed by closure technique. The staple and running subcuticular closures followed a normal distribution; however, the vertical mattress closures were bimodal (Fig. 3) . Ten of the vertical mattress closures had relatively low blood flow with a baseline mean incision perfusion of 20 (range, [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] . The other five vertical mattress closures had relatively high blood flow with a baseline mean incision perfusion of 56 (range, 52-60) (Fig. 3) .
With the numbers available and lack of baseline comorbidities in the cohort, there were no differences in clinically evident wound complications. One patient in the vertical mattress cohort experienced a surgical site infection; no other wound-related complications were observed in this study. There were also no significant differences in any of the reported quantitative outcomes after stratifying the results by surgeon.
Discussion
Many studies have previously compared wound closure techniques in TKA [2, 3, 6, [15] [16] [17] [18] . Results have been highly variable and currently there is no consensus on a superior closure method. Physiologically, the most important modifiable factor in wound healing is maintenance of perfusion to the incision site [1, 5, 14, 19] . Therefore, it would be beneficial to know how the closure technique modifies this parameter. Recently, LA-ICGA has come into favor with plastic surgeons as a novel modality for defining skin and soft tissue perfusion that is dynamic, precise, and real time [4, 10, 11, 13, 22] . This technology has been described in one report to be advantageous in the management of wound closure for complex knee reconstructions, demonstrating the proof of concept for translatability to the current clinical question [21] . Although all previous studies to date have only used the qualitative functions of LA-ICGA, this system is also capable of quantifying blood flow, thus representing the best current technology for studying skin and soft tissue perfusion [12] . The aim of this randomized clinical trial was to quantitatively compare differences in This study had a number of limitations. First, perfusion was only captured at the time of wound closure because analysis at later time points was too logistically cumbersome. Therefore, we cannot make conclusions about how perfusion may have been influenced by closure technique at later stages in the wound healing process or how it changes with knee flexion and extension. However, wound perfusion as it pertains to closure technique is driven by structural qualities that would not be expected to change substantially as the patient heals. Second, we could not comment on differences in the frequency of wound complications because only one patient from the vertical mattress cohort experienced a SSI. This study was not powered to detect differences in wound complications nor was that a primary aim. The choices for eligibility criteria allowed for the most robust experimental isolation of closure technique as the factor impacting perfusion status. Third, this study involves the first-time use of a technology, namely the quantitative function of an LA-ICGA device in orthopaedic surgery. Previous attempts at this type of investigation have been limited by feasibility, cost, poor quality of data, or static nature of perfusion assessment [3, 22] . The LA-ICGA used in this study overcame all of these challenges with a quantitative software interface that has been validated by the design engineers [12] . Fourth, we were not able to standardize all aspects of the surgical technique between surgeons or between patients. All surgeons did use an anterior skin incision over the medial third of the patella, median parapatellar arthrotomy, and threelayer closure as described earlier. Patient-specific factors necessitated individualized incision lengths and subfascial dissection to optimize the procedure. Nevertheless, no differences were observed in our quantitative outcomes after stratifying the results by surgeon. Finally, this randomized clinical trial was not powered a priori secondary to a lack of preliminary data or literature precedent for expected values of fluorescent units. Therefore, 45 patients were chosen for enrollment based on feasibility of completion for this preliminary study. Nevertheless, the results obtained were consistent and statistically significant in differentiating perfusion by closure technique. What remains unknown is the clinical importance of these results. However, given the paramount nature of perfusion status to adequate wound healing, it may be reasonable to consider that any difference in perfusion is clinically advantageous, perhaps more so in patients at risk of wound healing complications.
Many studies have compared different closure techniques in TKA [2, 3, 6, [15] [16] [17] [18] . From the perspective of wound complications, one recent meta-analysis by Smith et al. showed that staple closure resulted in increased rates of infection after both hip and knee arthroplasty in comparison to running subcuticular [17] . Presumably, perfusion status is the most important factor in determining wound healing, yet the impact of closure technique on perfusion status has not been adequately studied [1, 5] . Graham et al. attempted to answer this question by performing a trial of 10 patients receiving staples after TKA versus 10 receiving running subcuticular closure; the status of wound healing comorbidities was undisclosed [3] . Using tissue spectrophotography, blood and oxygen content at the wound site was quantified preoperatively as well as at Days 3 and 7 postoperatively. This study found greater tissue blood content in running subcuticular closure when compared with staples spaced B 6 mm apart, but found the greatest blood content in staples spaced [ 6 mm apart [3] . These results are difficult to interpret because spectrophotography provides a static view of blood that is influenced more by blood pooling rather than by actual perfusion. By contrast, our study used a technology capable of precisely measuring dynamic blood flow in real time. Furthermore, we were able to demonstrate the perfusion status during both the arterial phase and during equilibrium between the arterial and venous phases of perfusion. The patient cohort was selected based on rigid criteria to exclude wound healing comorbidities in addition to randomization, which experimentally isolated closure technique as the primary factor influencing wound perfusion. The quantified metrics provided by the LA-ICGA technology make these results the most substantial to date in identifying perfusion characteristics of wound closure technique in TKA.
In this trial, running subcuticular and staple closure demonstrated consistent levels of perfusion. By contrast, vertical mattress closure showed a bimodal distribution of perfusion levels. We attribute these results to the operator dependency of each technique. Staple closure is the least dependent on technique, thus leading to the most reproducible, albeit poor outcome. Running subcuticular closure requires more skill but still provides a reproducible outcome because tension is applied parallel to the wound. Vertical mattress closure is the most operator-dependent technique because it relies on tension applied perpendicular to the incision. Perfusion was more variable from patient to patient and stitch to stitch in the vertical mattress closures, giving further credence to the influence of operator-dependent tension (Fig. 4 ). Vertical mattress closure has a place in many practices for complex reconstruction; however, results from this trial may caution surgeons to apply gentle tension for these closures.
Most patients receiving primary TKA who have no particular risk factors for wound healing complications will likely go on to heal their incisions without incident regardless of closure technique. This clinical trial was not powered with the hundreds to thousands of patients that would be necessary to perform an outcomes and complications study with appropriate blocking for comorbidities. Instead, we chose to experimentally isolate closure method as a primary factor influencing perfusion and determined physiologic superiority of the running subcuticular technique. Because adequacy of blood flow is a primary biological determinant in wound healing, these results could hold importance for decreasing the incidence of wound complications in patients receiving TKA, especially revision cases and those with underlying wound healing comorbidities.
Many surgeons in our practice have subsequently changed their closure technique to running subcuticular. Those who have transitioned still consider vertical mattress an important option in select cases in which the wound is under high strain and needing structural reinforcement; however, only the minimum suture tension necessary is applied and LA-ICGA is often used at the end of these cases to document adequate perfusion and revise stitches as necessary. This study also provides additional support for the use of the LA-ICGA modality to examine skin perfusion in orthopaedic procedures about the knee with a higher potential of wound complications. 
